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Viral modulationInduction of type I interferon (IFN-α/β) is an early antiviral response of the host, and porcine reproductive
and respiratory syndrome virus (PRRSV) has been reported to downregulate the IFN response during
infection in cells and pigs. We report that the PRRSV nonstructural protein 1α (Nsp1α) subunit of Nsp1 is a
nuclear–cytoplasmic protein distributed to the nucleus and contains a strong suppressive activity for IFN-β
production that is mediated through the retinoic acid-inducible gene I (RIG-I) signaling pathway. Nsp1α
suppressed the activation of nuclear factor (NF)-κB when stimulated with dsRNA or tumor necrosis factor
(TNF)-α, and NF-κB suppression was RIG-I-dependent. The suppression of NF-κB activation was associated
with the poor production of IFN-β during PRRSV infection. The C-terminal 14 amino acids of the Nsp1α
subunit were critical in maintaining immunosuppressive activity of Nsp1α for both IFN-β and NF-κB,
suggesting that the newly identiﬁed zinc ﬁnger conﬁguration comprising of Met180 may be crucial for
inhibitory activities. Nsp1α inhibited IκB phosphorylation and as a consequence NF-κB translocation to the
nucleus was blocked, leading to the inhibition of NF-κB stimulated gene expression. Our results suggest that
PRRSV Nsp1α is a multifunctional nuclear protein participating in the modulation of the host IFN system.ogy, University of Illinois at
a, IL 61802, USA.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Porcine reproductive and respiratory syndrome (PRRS) is an
emerged disease of swine and causes signiﬁcant economic losses to
the pork industry worldwide. The disease is characterized by late-
term abortion, increased numbers of stillborns andmummiﬁed pigs in
sows, and inﬂuenza-like symptoms in young pigs. Infection of pigs
with PRRS virus (PRRSV) is characterized by a meager and delayed
production of neutralizing antibodies, suppression of interferon
(IFN)-α/β, and upregulation of interleukin 10 (IL-10) (Albina et al.,
1998a,b; López-Fuertes et al., 2000; Suradhat and Thanawongnuwech,
2003; Suradhat et al., 2003; Diaz et al., 2005; Flores-Mendoza et al.,
2008). PRRSV can establish persistent infection for up to 180 days
(Albina et al., 1994; Christopher-Hennings et al., 1995; Lamontagne
et al., 2003), and this may be due to an insufﬁcient immune response
of the host to PRRSV infection, suggesting that PRRSV has the ability to
antagonize the host antiviral response.
Rapid production of IFN-α/β is an important line of defense
against invading viruses and contributes to the termination of earlyviral replication and the development of an adaptive immune
response. Initiation for IFN expression is tightly regulated by
interferon regulatory factors (IRFs), subunits of the nuclear factor
(NF)-κB/Rel family, and ATF-2/c-Jun (AP-1) transcription factors.
These factors are constitutively expressed in most cells and normally
reside in the cytoplasm in an inactive form. Once activated by various
stimuli including virus infection, these factors undergo posttransla-
tional modiﬁcation and/or conformational changes and translocate to
the nucleus. For IRF3, it is phosphorylated and dimerized for
subsequent translocation to the nucleus. For NF-κB, its classical form
is a heterodimer composed of p50 and p65/Rel A, and these proteins
are normally sequestered in the cytoplasm through binding to its
inhibitor IκBα. Upon stimulation, IκBα is phosphorylated by IκB
kinases (IKKs) and targeted for degradation via ubiquitination,
causing NF-κB to be released from IκBα and translocated to the
nucleus. Once in the nucleus, NF-κB, IRF3, and ATF-2/c-Jun bind to
their speciﬁc binding elements termed positive regulatory domains
(PRD)within the IFN-β promoter region consisting of four PRDs, PRD I
through PRD IV. ATF-2/c-Jun, IRFs, and NF-κB have a speciﬁc afﬁnity
to PRD IV, PRD I–III, and PRD II, respectively, and association with the
coactivator CREB-binding protein (CBP)/p300 leads to the formation
of enhanceosome to initiate IFN transcription. Among those factors,
NF-κB plays a key role in regulating the expression of numerous genes
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Fig. 1. Structural illustration of the PRRSV VR2332 Nsp1 protein and its cleavage
products used in this study. The full-length Nsp1 is 382 amino acids in size and is
autocleaved to produce Nsp1α and Nsp1β. The autocleavage site was initially predicted
at position Q166-R167 (den Boon et al., 1995), and based on this prediction, Nsp1α-Δ14
was constructed for this study. Since an X-ray crystallographic study has determined
the authentic cleavage site for Nsp1α and Nsp1β to be at position Met180-Ala181 (Sun
et al., 2009), an authentic form of Nsp1α was also constructed. Thus, Nsp1α-Δ14 is 14
amino acids shorter at the C-terminus in comparison to Nsp1α. The authentic Nsp1α
subunit contains two separate zinc ﬁnger motifs, ‘Zn ﬁnger 1’ and ‘Zn ﬁnger 2’. Because
of the deletion of 14 amino acids residues, Nsp1α-Δ14 is unable to form ‘Zn ﬁnger 2’.
The C-terminal 14 residues of RPKPEDFCPFECAM present in Nsp1α but absent in
Nsp1α-Δ14 are indicated by dotted arrows. Catalytic dyad residues (C76 and H146) for
PCPα are indicated, and residues to form ‘Zn ﬁnger 1’ and ‘Zn ﬁnger 2’ motifs are
indicated individually. Shaded areas indicate a predicted nuclear export signal (NES).
Single letter alphabets indicate amino acids. Numbers indicate amino acid positions.
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functions including IFN production (Caamano and Hunter, 2002;
Lenardo et al., 1989; Randall and Goodbourn, 2008).
PRRSV belongs to the family Arteriviridae which also contains
equine arteritis virus (EAV), lactate dehydrogenase-elevating virus of
mice (LDV), and simian hemorrhagic fever virus (SHFV). PRRSV
possesses a single-stranded, positive-sense RNA genome of 15 kb in
length. Approximately three quarters of the genome at the 5′ end is
occupied by two large open reading frames (ORFs), ORF1a and ORF1b,
coding for two polyproteins PP1a and PP1ab, with the latter generated
by ribosomal frame-shifting (Snijder and Meulenberg, 1998). PP1a
and PP1ab are subsequently processed to generate nonstructural
cleavage products (Nsp's) Nsp1 through Nsp12 (Ziebuhr, et al., 2000).
The remainder of the genome codes for seven structural proteins.
Nsp1 is the ﬁrst viral protein synthesized during virus replication. It
contains two papain-like cysteine protease (PCP) domains, designated
PCPα andPCPβ, which are characterized bya catalytic dyad that consists
of a nucleophilic cysteine residue and a downstream histidine residue.
Nsp1 is auto-cleaved into two subunits, Nsp1α and Nsp1β (den Boon
et al., 1995; Snijder and Meulenberg, 1998), and the PCPα protease
activity is responsible for the cleavage of Nsp1α, whereas PCPβ is
responsible for the cleavage ofNsp1β fromNsp2of thenascent PP1aand
PP1abpolyproteins (denBoon, et al., 1995). PCPα activity is required for
PRRSV subgenomic mRNA synthesis but is dispensable for genome
replication (Kroese et al., 2008). A zinc ﬁnger motif is present in the N-
terminal region of Nsp1α, and a mutagenesis study using EAV Nsp1
indicates that the structural integrity of this zinc-ﬁnger motif (ZF1) is
important for mRNA transcription (Tijms, et al., 2007).
Recently, Nsp1 has been shown to be able to downregulate the
type I IFN response in PRRSV-infected cells and gene-transfected cells
(Beura et al., 2010; Chen et al., 2010; Kim et al., 2010). Nsp1 appears to
degrade the CREB (cyclic AMP responsive element-binding)-binding
protein (CBP) in the nucleus (Kim et al., 2010). The degradation of CBP
prevents the recruitment of IRF3 for enhanceosome assembly, which
results in the blockage of IFN induction. In the present study, we show
that the Nsp1α subunit of Nsp1 has the ability to inhibit NF-κB
activation, and the inhibitory activity of Nsp1α subunit is associated
with IFN down-regulation during PRRSV infection. Our study explains
an additional mechanism for IFN modulation by PRRSV.
Results
Nuclear translocation of Nsp1α
Unlike EAV Nsp1 which remains uncleaved, PRRSV Nsp1 is self-
cleaved into Nsp1α and Nsp1β during the course of virus replication.
The cleavage site for Nsp1α and Nsp1β was initially predicted at
amino acid positions Gln166 and Arg167 (den Boon et al., 1995).
Nsp1α has been recently crystallized and its tertiary structure has
been determined (Sun et al., 2009). According to the X-ray
crystallographic study, the precise cleavage site for Nsp1α and
Nsp1β appears to be at Met180-Ala181, making the Nsp1α subunit
to be 180 amino acids long which is 14 amino acids larger than the
previous prediction of 166 amino acids (Fig. 1). Thus, for our study,
two forms of Nsp1α were constructed in the expression vector pXJ41
and tagged with FLAG at the N terminus of each construct to generate
pFLAG-Nsp1α and pFLAG-Nsp1α-Δ14 (Fig. 1).
ForEAV,Nsp1 localizes inboth cytoplasmic andnuclear compartments
during infection despite the absence of a speciﬁc nuclear localization
signal (NLS) (Tijms et al., 2002). Thus, it was of relevance to determine
whether Nsp1 of PRRSVwas also localized in the nucleus of virus-infected
cells. MARC-145 cells were infected with PRRSV and stained with Nsp1
PAb and interestingly enough, PRRSVNsp1was found to be distributed in
the nucleus in addition to the cytoplasmic compartment (Figs. 2A and C).
Since PRRSV Nsp1 is cleaved into two subunits, it was of importance to
identify the subunit as nuclear protein. When PRRSV-infected cells werestained with Nsp1β-speciﬁc MAb, speciﬁc staining was found mainly in
the cytoplasm (Figs. 2D and F), suggesting that the Nsp1α subunit would
likely be a nuclear protein. To conﬁrm this ﬁnding, pFLAG-Nsp1, pFLAG-
Nsp1α, and pFLAG-Nsp1α-Δ14 plasmids were individually transfected
into HeLa cells and stained with FLAGMAb (Figs. 2G–L). Both FLAG-Nsp1
and FLAG-Nsp1α localized diffusely throughout the cell including the
nucleus (Figs. 2H and J), which is consistent with the observation of Nsp1
from PRRSV-infected MARC-145 cells. The nuclear detection in pFLAG-
Nsp1-transfected cells is probably due to Nsp1α since the FLAG tag was
fused at the N-terminus of Nsp1 and because Nsp1 is cleaved to produce
Nsp1α and Nsp1β. Thus, it is concluded that Nsp1α localizes to both
nuclear and cytoplasmic compartments. Notably, a pattern of punctated
Nsp1α staining was observed in the perinuclear region (Figs. 2H and J),
and this may represent the site where most Nsp's localize. In EAV, viral
Nsp's are found in the perinuclear region where they form a replication
complex during infection (Snijder et al., 2001; van der Meer, et al., 1998).
Nsp1α-Δ14 did not localize in the nucleus (Fig. 2L). Approximately 80% of
Nsp1α-expressing cells showed both nuclear and cytoplasmic staining,
while more than 90% of Nsp1α-Δ14-expressing cells displayed its
cytoplasmic distribution in the perinulear region in a highly punctated
pattern (Fig. 2L). This ﬁnding suggests that the 14 amino acids at the
C-terminus of Nsp1α may play a role in determining its subcellular
distribution. Nsp1α displayed a similar subcellular distribution pattern as
that of Nsp1, and corroborated the notion that Nsp1α but not Nsp1α-Δ14
would be an authentic cleavage product of Nsp1.
Inhibition of RIG-I mediated IFN-β expression by Nsp1α
Since PRRSV Nsp1 has been shown to suppress the type I IFN
production in MARC-145 and HeLa cells and porcine alveolar macro-
phages (Beura et al., 2010; Chen et al., 2010; Kim et al., 2010), and
because Nsp1α was found to be a nuclear–cytoplasmic protein, it was
hypothesized that the Nsp1α subunit may be associated with the IFN
inhibitory activity of PRRSV. First, to eliminate the possibility of cell
cytotoxicity of Nsp1 that might affect the reporter expression, various
control geneswere examined for IFN response using pIFN-β-Luc, and no
particular response has been observed by poly(I:C) induction except
Nsp1 (Fig. 3A, a). HeLa cells were then transfected with pIFN-β-Luc and
pFLAG-Nsp1 with 
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Fig. 2. Subcellular distribution of Nsp1, Nsp1α, and Nsp1α-Δ14 in MARC-145 cells infected with PRRSV (A through F) and in HeLa cells transfected with Nsp1 and its derivatives
(G through L). MARC-145 cells were infected with PRRSV and, at 24 h post-infection, stained with rabbit anti-Nsp1 speciﬁc polyclonal Ab (A and C) or mouse anti-Nsp1β speciﬁc
MAb (D and F) followed by Alexa 488-labeled anti-rabbit Ab or Alexa 488-labeled anti-mouse Ab, respectively. Cellular localization of Nsp1 and Nsp1β (green) was examined by
ﬂuorescencemicroscopy. Nuclei (blue) were stained using DAPI (panels B, E). Panels C and F aremerged images of A and B, and D and E, respectively. HeLa cells were transfected with
pFLAG-Nsp1 (G and H), pFLAG-Nsp1α (I and J), or pFLAG-Nsp1α-Δ14 (K and L), and at 10 h post-transfection, stained with mouse anti-FLAG Ab followed by Alexa 488-labeled anti-
mouse Ab. Arrows indicate nuclear cytoplasmic staining of cells observed by ﬂuorescent microscopy corresponding to cells under the bright ﬁeld.
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plasmids followed by poly(I:C) induction and examination of the
reporter expression (Fig. 3A, b). Cells transfected with the pXJ41 empty
vector alone produced a high level of luciferase activity following poly
(I:C) stimulation as expected, but cells expressing Nsp1 or Nsp1α
exhibited signiﬁcant inhibition in luciferase activity. This observation
indicates that the Nsp1α subunit possesses a potent inhibitory activity
against IFN induction. Nsp1α-Δ14 did not suppress the IFN-β promoter
activity (Fig. 3A, b), suggesting that the C-terminal 14 amino acids of
Nsp1α plays a crucial role for this biological activity.
PRRSV Nsp1 was previously shown to suppress IRF3-dependent IFN
production, and a recent report demonstrated that the inhibition of IFN
production was due to CBP degradation by Nsp1, thus preventingrecruitment of CBP by IRF3 (Kim et al., 2010). To determine if IRF3
activity would be inhibited by the Nsp1α subunit, p4×IRF3-Luc which
contains four copies of the IRF3 binding sequence of the IFN-β promoter
region corresponding to PRD I-III was transfected into HeLa cells along
with the pFLAG-Nsp1α expression plasmid. IRF3-mediated luciferase
(Luc) production was substantially suppressed by Nsp1α (Fig. 3A, c).
Such suppression was not seen in Nsp1α-Δ14-expressing cells. In cells
where pTATA-Luc was cotransfected with an individual gene construct,
luciferase activity remained at a basal level, indicating that the sup-
pressive activity was PRD I-III region-speciﬁc (Fig. 3A, d).
To conﬁrm the suppression of IFN production by Nsp1α, an
antiviral bioassay was performed using the vesicular stomatitis virus
(VSV) expressing GFP. HeLa cells were transfected with either of the
271C. Song et al. / Virology 407 (2010) 268–280pFLAG-Nsp1, pFLAG-Nsp1α, or pFLAG-Nsp1α-Δ14 expression plas-
mids followed by poly(I:C) treatment, and the supernatant was
collected and transferred to MARC-145 cells, which were then
infected with VSV-GFP. If Nsp1α had no effect on IFN production,
poly(I:C) stimulation would induce IFN secretion normally in the
supernatant, which would then establish an antiviral state against
VSV-GFP in MARC-145 cells. If Nsp1 inhibited IFN production, little or
no IFN would be produced in the supernatant, thus allowing normal
VSV-GFP replication and for GFP expression to be visible by
ﬂuorescence microscopy. As the control, cells transfected with
pXJ41 and treated with poly(I:C) resulted in the induction of IFN
and prevented GFP expression as expected, whereas those without
poly(I:C) treatment permitted GFP expression (Fig. 3B). Cells treated
with supernatant from Nsp1- or Nsp1α-expressing cells exhibited
only minimal inhibition of GFP expression, indicating that both Nsp1-
and Nsp1α-expressing cells produced only a small amount of type I
IFN. In contrast, Nsp1α-Δ14 did not show any inhibitory activity for
type I IFN production when induced by poly(I:C) (Fig 3B). Consistent
with the data from luciferase assays, the VSV-GFP bioassay demon-
strates modest inhibitory effects of Nsp1α on type I IFN production,poly(I:C)          - +      - +      - +     - +
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Fig. 3. Inhibition of IFN-β production by PRRSV Nsp1α. (A) Luciferase reporter assays using N
promoter (d) in cells expressing Nsp1α. HeLa cells were seeded in 12-well plates and cotran
the pXJ41 empty vector, pFLAG-Nsp1, pFLAG-Nsp1α, or pFLAG-Nsp1α-Δ14 plasmids, along
(solid bars) with 0.8 μg/ml of poly(I:C) or untreated (gray bar) for 12 h. Cells were lysed and
Relative luciferase activities were achieved by normalizing the ﬁreﬂy luciferase to Renilla luc
three independent experiments, each experiment in duplicate. GFP, pEGFP-N1 (Clontech);
GP4; GP5, pcDNA3-PRRSV-GP5; E, pcDNA3-PRRSV-E; M, pcDNA3-PRRSV-M. (B) Vesicular
construct as indicated above and treated (+)with poly (I:C) or untreated (−) for 12 h. Cell cu
was then transferred to freshly-grown MARC-145 cells. After 24 h of incubation, cells were
ﬂuorescence microscopy. Each dilution was tested in duplicate. (C and D) Suppression of RIG
cells. Cells were grown in 12-well plates and transfected 300 ng of pFLAG-Luc, pFLAG-Nsp1
along with 400 ng of pcDNA3-RIG-I, pcDNA3-IPS-1, or pcDNA3. For each transfection, two sam
one with pcDNA3 as an unstimulated control. At 40 h after transfection, cells were lysed
luciferase activities. The data represent the mean values of three independent experimentsand also conﬁrms that this inhibitory activity was not observed with
Nsp1α-Δ14.
IFN-β production is initiated by association of extracellular dsRNA
with toll-like receptor 3 (TLR3) or intracellular dsRNA with two
members of the DEx(D/H) box RNA helicases, retinoic acid-inducible
gene I (RIG-I) andmelanoma differentiation-associated gene 5 (MDA-
5) (Sato et al., 2003; Saito et al., 2007; Yoneyama et al., 2004). Both
RIG-I and MDA-5 contain a caspase recruitment domain (CARD) and
bind to CARD of their adaptor IPS-1 (IFN promoter-stimulating factor
1). IPS-1 then recruits kinases responsible for phosphorylation and
activation of the downstream IRF3 and NF-κB. We examined whether
the inhibition of IFN-β by Nsp1 was mediated through the RIG-I-
mediated signaling pathway. HeLa or MARC-145 cells were cotrans-
fected with pIFN-β-Luc and either pFLAG-Nsp1α or pFLAG-Nsp1α-
Δ14 plasmids, along with an activated form of RIG-I (Fig. 3C) or IPS-1
(Fig. 3D). Since the CARD of RIG-I and IPS-1 was mutated to be
exposed for conformational changes, IFN-β promoter would consti-
tutively be stimulated in cells transfected with the mutant RIG-I or
IPS-1 construct. As shown in Fig. 3C, at 40 h after transfection,
luciferase expression was detected in the control cells with pXJ41,+     - +     - +
- - - - -
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sfected with 500 ng of either of pIFN-β-Luc, p4×IRF3-Luc, or pTATA-Luc, and 500 ng of
with Renilla internal control pTK-RL. At 24 h after transfection, cells were either treated
reporter expression was examined using the Dual Luciferase assay system (Promega).
iferase activities according to the manufacturer's protocol. The data represent means of
GST, pXJ41-GST; Nsp1, pFLAG-Nsp1; GP2, pcDNA3-PRRSV-GP2; GP4, pcDNA3-PRRSV-
stomatitis virus bioassay for IFN production. HeLa cells were transfected with each
lture supernatants were collected and diluted in a 2-fold series up to 1/64. Each dilution
infected with VSV-GFP, and at 16 h after infection, GFP expression was examined by
-I (C) and IPS-1 (D) induced IFN-β promoter activity by Nsp1α in HeLa and MARC-145
α, or pFLAG-Nsp1α-Δ14 plasmids, 300 ng of pIFN-β-Luc, and Renilla plasmid pTK-RL,
ples were set in parallel, one was transfected with pcDNA3-RIG-I or pcDNA3-IPS-1 and
and examined for reporter expression by normalizing the ﬁreﬂy luciferase to Renilla
, each experiment in duplicate.
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Fig. 3 (continued).
272 C. Song et al. / Virology 407 (2010) 268–280suggesting successful induction. However, in the presence of Nsp1
and Nsp1α, the RIG-I-mediated luciferase activity was suppressed in
both of these cells and by about 10-fold in PRRSV-permissive MARC-
145 cells (Fig. 3C, b). When cells were stimulated by the RIG-I adaptor
IPS-1 (Fig. 3D), IFN-β-dependent luciferase expression was also
inhibited and in MARC-145 cells exhibited 4-fold suppression
(Fig. 3D, b). These data suggest that Nsp1α functions downstream
of RIG-I and IPS-1. Nsp1α-Δ14 had no obvious, or insigniﬁcant, effect
on the reduction of luciferase expression driven by the IFN-β-Luc
promoter. Note that the suppressive effects of Nsp1 and Nsp1α aredifferent. We found that Nsp1α and Nsp1β subunits displayed
different subcellular distributions and exhibited different extents of
inhibitory effects on type I IFN production by different mechanisms
(unpublished observation). Thus, the ‘net’ effects of Nsp1 and Nsp1α
in Fig. 3D did not appear to be identical.
Inhibition of NF-κB activation by Nsp1α
Various stimuli including viruses, TNF-α, IL-1, IL-2, and bacterial
lipopolysaccharides may activate NF-κB. TNF-α in particular is known
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273C. Song et al. / Virology 407 (2010) 268–280to be downregulated during PRRSV infection (López-Fuertes et al.,
2000) and because Nsp1 functions to inhibit TNF-α activity
(Subramaniam et al., 2009), the modulation of NF-κB by Nsp1 was
examined using TNF-α and poly(I:C) as an extracellular and
intracellular stimulator, respectively, in the NF-κB-dependent lucif-
erase reporter system using pNF-κB-Luc. To eliminate the possibility
of cell cytotoxicity by Nsp1 that might affect the reporter expression,
various control genes were examined for NF-κB response using pNF-
κB-Luc, and no particular response was observed by TNF-α induction,
except Nsp1 and PIAS1 (protein inhibitor of activated STAT [signal
transducers and activators of transcription] 1) (Fig. 4, a). PIAS1 has
been shown to be a potent repressor for NF-κB activation (Liu et al.,
2005; Shuai and Liu, 2005) and served as a positive control. Then,
HeLa cells were transfected with pNF-κB-Luc and treated with TNF-α
or poly(I:C) followed by reporter assays. The addition of TNF-α to
pXJ41-transfected cells led to a more than 8-fold increase in the
luciferase activity (Fig 4, b), suggesting that NF-κB was induced and
consequently activated the NF-κB enhancer to synthesize the
luciferase reporter. Similar results were obtained for Nsp1α-Δ14-
transfected cells. However, in Nsp1- or Nsp1α-expressing cells, less
than a 1-fold increase was observed in response to TNF-α. This
indicated that Nsp1α functioned as a negative modulator for NF-κB
activation. The NF-κB activation in response to poly(I:C) stimulation
was similar to that by TNF-α treatment (Fig 4, c). Transfection with
pXJ41 and treatment with poly(I:C) resulted in a 7-fold enhancement
of luciferase activity, whereas no increase in luciferase expression was
observed for Nsp1 and Nsp1α. Such inhibitory effects were not
observed for Nsp1α-Δ14. Taken together, these results suggest thatNsp1 and Nsp1α interfere with TNF-α-induced or poly (I:C)-induced
NF-κB activation and that the C-terminal 14 amino acids of Nsp1α
were crucial for this activity.
Inhibition of NF-κB nuclear translocation by Nsp1α
Since Nsp1α was determined to suppress NF-κB activity, its
molecular basis was explored. For NF-κB activation, the p65–p50
heterodimer is required to migrate to the nucleus where it binds to
the DNA sequence for transcription. Therefore, nuclear translocation
of p65 is generally considered to be a marker for NF-κB activation. To
determine if Nsp1α inhibited NF-κB nuclear translocation, endoge-
nous p65 was examined for its nuclear localization after TNF-α
treatment in cells expressing Nsp1α (Fig. 5). While p65 was detected
only in the cytoplasm in the absence of TNF-α stimulation (Fig. 5A,
lower panels, white arrows), its nuclear staining became apparent
when treated with TNF-α (Fig. 5A, upper panels, white arrows). In the
presence of Nsp1 or Nsp1α, however, p65 did not localize to the
nucleus and remained in the cytoplasm even upon TNF-α stimulation
(Fig. 5B, upper panel, yellow arrows; Fig. 5C, upper panel, yellow
arrows). In some cells where Nsp1 (Fig. 5B, upper panels, white
arrows) or Nsp1α (Fig. 5C, upper panels, white arrows) were not
expressed, p65 nuclear translocation occurred normally upon stim-
ulation with TNF-α, indicating that inhibition of p65 nuclear
translocation was exerted by Nsp1 and Nsp1α. Thus, only in cells
lacking Nsp1 or Nsp1α did we detect nuclear translocation of p65.
Within nonstimulated conditions and in the absence of Nsp1 or
Nsp1α expression, p65 distribution was normally limited to the
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Fig. 4. Inhibition of NF-κB activation by Nsp1α subunit. HeLa cells were grown in 12-well plates and cotransfected with reporter plasmid pNF-κB-Luc and expression plasmid pFLAG-
Nsp1, pFLAG-Nsp1α, or pFLAG-Nsp1α-Δ14. At 24 h after transfection, cells were untreated (shaded bars) or treated (solid bars) with 20 ng/ml of TNF-α (left panel) for 6 h or 0.8 μg/
ml poly(I:C) (right panel) for 12 h. Cells were lysed and examined for luciferase activity. The values were normalized to the Renilla activity. The data represent the mean values of
three independent experiments, each experiment in duplicate. pXJ41 empty vector; GFP, pEGFP-N1 (Clontech); GST, pXJ41-GST; Nsp1, pFLAG-Nsp1; PIAS1 (protein inhibitor of
activated STAT [signal transducers and activators of transcription] 1), pXJ41-PIAS1; GP2, pcDNA3-PRRSV-GP2; GP4, pcDNA3-PRRSV-GP4; GP5, pcDNA3-PRRSV-GP5; E, pcDNA3-
PRRSV-E; M, pcDNA3-PRRSV-M.
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expressing cells, p65 nuclear translocation occurred normally
(Fig. 5D), indicating that Nsp1α-Δ14 did not inhibit p65 translocation.
It is noteworthy that Nsp1 expression seemed to reduce the intensity
of p65 staining.Suppression of IκB phosphorylation by Nsp1α
The p65–p50 heterodimer of NF-κB is sequestered in the cytosol in
unstimulated cells by binding with IκBα which masks their NLS and
prevents nuclear translocation. When stimulated, IκBα is phosphor-
ylated and dissociated from the p65–p50 dimer and eventually
degraded via ubiquitination, allowing NF-κB to enter the nucleus and
induce NF-κB stimulated gene expression. The observation that
Nsp1α blocked p65 nuclear translocation raised a possibility that
Nsp1α may have affected upstream processing for IκBα degradation
from which the release of p65–p50 heterodimer and subsequent p65
nuclear translocation was dependent. We therefore examined IκB
phosphorylation in the presence or absence of Nsp1α expression.
HeLa cells were transfected with pFLAG-Nsp1, pFLAG-Nsp1α, and
pFLAG-Nsp1α-Δ14 expression plasmids and treated with TNF-α for
the indicated times, and cell extracts were subjected to Western blot
using the phosphorylation-speciﬁc IκBα antibody (Fig. 6). When
stimulated with TNF-α, phosphorylated IκBα was readily detectable
within 5 min (arrows, Fig. 6) and degraded shortly after. By 20 min ofFig. 5. Inhibition of p65 from NF-kB nuclear translocation by Nsp1α. HeLa cells were transfec
at 12 h after transfection, treated (+) with 20 ng/ml of TNF-α for 45 min or untreated (−).
p65 polyclonal antibody (right column) followed by Alexa Fluor 488-labeled anti-mouse A
(green) and NF-kB p65 (red) were visualized by ﬂuorescence microscopy. Yellow arrows instimulation, phosphorylated IκBα was virtually undetectable due to
the rapid degradation. In cells expressing Nsp1 (Fig. 6A) and Nsp1α
(Fig. 6B), the overall levels of phosphorylated IκBα were much lower
than that in pXJ41-transfected cells. The total amounts of IκB at 5 min
and 10 min were examined upon TNF-α induction and no difference
was observed, indicating that the decreased phosphorylation of IκBα
was not due to the decrease of total IκBα (data not shown). Similarly
for cells expressing Nsp1α-Δ14, no signiﬁcant reduction was
observed, and the level of phosphorylated IκBα was comparable
to that of the vector control (Fig. 6C). This was consistent with
observations that Nsp1α-Δ14 did not affect NF-κB-mediated acti-
vation (Figs. 4 and 5D), whereas Nsp1 and Nsp1α signiﬁcantly
suppressed NF-κB activation. These results suggest that NF-κB sup-
pression by both Nsp1 and Nsp1α was likely due to the inhibition of
IκBα phosphorylation.NF-κB down-regulation by Nsp1α is association with IFN down-
regulation
Among the many roles played by NF-κB, regulation of IFN-β
expression is one major function. Since Nsp1α appears to down-
regulate NF-κB activity (Fig. 4) and also inhibits IFN production
(Fig. 3), their correlation was determined using the pLuc-(PRDII)2
luciferase construct. HeLa cells were cotransfected with pLuc-(PRDII)2
and pFLAG-Nsp1α, and at 24 h after transfection, cells wereted with pXJ41 (A), pFLAG-Nsp1 (B), pFLAG-Nsp1α (C), or pFLAG-Nsp1α-Δ14 (D), and
Cells were then costained with mouse anti-FLAG MAb (middle column) and rabbit anti-
b and Alexa Fluor 594-labeled anti-rabbit Ab, respectively. The expression of Nsp1α
dicate Nsp1-expressing cells and white arrows indicate untransfected cells.
Bright field Anti-FLAG Anti-p65
(-)TNF-α
(+)TNFα
(-)TNF-α
(+)TNFα
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pXJ41
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pFLAG-
Nsp1
Bright field Anti-FLAG Anti-p65
(C)
pFLAG-
Nsp1α
(D)
pFLAG -
Nsp1α-Δ14
(-)TNF-α
(+)TNFα
(-)TNF-α
(+)TNFα
275C. Song et al. / Virology 407 (2010) 268–280
Fig. 6. Inhibition of IκBα phosphorylation by Nsp1α. HeLa cells were transfected with
pFLAG-Nsp1 (A), pFLAG-Nsp1α (B), and pFLAG-Nsp1α-Δ14 (C) plasmids and at 24 h
after transfection, treated with 20 ng/ml of TNF-α for 5, 10, or 20 min. Cells were lysed
at indicated times and each lysate was subjected toWestern blot using β-actin MAb and
phosphor-IκBα MAb. Equal amounts of cell lysates were loaded for these two
antibodies detection. Arrows indicate the phosphorylated form of IκBα. Note: Anti-
phosphor-IκBα MAb detects nonspeciﬁc bands above the bands indicated by arrows.
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followed by determining the level of reporter expression. By
comparison with the vector control, Nsp1α inhibited NF-κB-mediated
IFN-β promoter activity by 30% when induced by TNF-α or up to 60%
when induced by poly(I:C). Comparable levels of suppression were
observed for Nsp1, whereas Nsp1α-Δ14 showed no, or minimal if any,
effects on reporter gene expression.
Since Nsp1α inhibited IFN promoter activity through the RIG-I-
dependent pathway, it was of interest to examine whether NF-κB-
mediated IFN-β suppression byNsp1was alsoRIG-I- or IPS-1-dependent.
HeLa cells were cotransfected with pLuc-(PRDII)2, pFLAG-Nsp1α, and
either RIG-I or IPS-1 gene, and luciferase assays were performed for NF-
κB-dependent IFN-speciﬁc promoter activity (Fig. 7B). Nsp1αwas found
to inhibit RIG-I-induced (Fig. 7B, a) or IPS-1-induced (Fig. 7B, b) NF-κB-
mediated IFN-β promoter activity, indicating that Nsp1α-mediated IFN-
β down-regulation was at least partially, if not totally, due to NF-κB
down-regulation, and that Nsp1α functions on both TNF-α and poly(I:C)
stimulation via the RIG-I-dependent pathway. Since Nsp1α-induced IFN
suppression was IRF3-mediated via RIG-I signaling (Fig. 3A, c), PRRSV
Nsp1α appears to have multiple roles in modulating the IFN response.
Discussion
One important strategy of viruses for IFN antagonism is the
interference of NF-κB activity, and in the present study, we have
shown the antagonistic function of the PRRSV Nsp1α protein against
NF-κB. The suppression of NF-κB by PRRSV appears to contribute to
the inhibition of IFN-β production. It is intriguing that PRRSV utilizes
the convergence of both IFN and NF-κB signaling pathways, two
important signaling events that occur early in infection to efﬁciently
modulate the host innate immune response. Nsp1 counteracts the
action of NF-κB by decreasing the phosphorylation of IκBα, such thatthe degradation of IκBα is suppressed. This leads to the blockage of
NF-κB nuclear translocation and thus interference of NF-κB activation.
This series of events serves as an important viral strategy of immune
evasion.
Lee and Kleiboeker (2005) previously reported that NF-κB was
activated during PRRSV infection. In that study, NF-κB activation was
observed mainly at 1, 2, and 3 days after infection. NF-κB activation,
however, is an early event and occurs within minutes upon
stimulation (Hiscott et al., 2001; Fig. 6). For PRRSV, the Nsp1 coding
sequence is located at the 5′-most end of the genome and Nsp1α is
the ﬁrst viral protein synthesized during infection. It will be of beneﬁt
to the virus to utilize this early protein to suppress NF-κB response
and thus inhibit IFN-β production. As PRRSV infection progresses, NF-
κB may become activated possibly by other viral proteins. When
MARC-145 cells were transfected with the NF-κB-luciferase reporter
and infected with PRRSV, the reporter activity increased for 1 and
2 days after infection (data not shown), which is consistent with the
ﬁndings of Lee and Kleiboeker (2005). Although MARC-145 cells are
the primary choice of cells to grow PRRSV, the infection kinetics in
these cells is much slower compared to that in alveolar macrophages.
MARC-145 cells permit only partial infection during the ﬁrst 12 h even
at high multiplication of infection, and thus, it was difﬁcult for us to
determine the alteration of NF-κB activity during the early stages
of PRRSV infection. During the later stage of infection, other
mechanisms besides Nsp1 may modulate NF-κB activity, and/or
other viral proteins may participate in inhibiting IFN-β production.
Indeed, other PRRSV proteins including Nsp2, Nsp4, and Nsp11 have
recently been suggested to have such a capacity to suppress IFN
production (Beura et al., 2010).
NF-κB plays an essential role during the early events of the
innate immune response. NF-κB modulates the expression of
more than 100 genes including various cytokines, chemokines,
and other immunomodulatory proteins involved in diverse biolog-
ical process such as apoptosis, proliferation, and inﬂammatory
responses, and among those included are interleukin-2 (IL-2), IL-
6, IL-8, IFNs, TNF-α, and TNF-β (Caamano and Hunter, 2002).
During PRRSV infection, TNF-α expression decreases (López-
Fuertes et al., 2000) and whether this down-regulation is mediated
by Nsp1α is unknown. Endogenous IL-8 mRNA was reduced
signiﬁcantly in cells expressing Nsp1 (Beura et al., 2010), suggest-
ing that Nsp1 may have an additional function in regulating res-
ponsive gene expressions.
Besides NF-κB suppression by Nsp1α, PRRSV carries an additional
mechanism for inhibiting IFN production (Beura et al., 2010; Chen
et al., 2010; Kim et al., 2010). IRF3-Luc activity was signiﬁcantly
inhibited in the presence of Nsp1α (Fig. 3A, c), indicating that the
IRF3-mediated IFN production pathway was suppressed. However,
Nsp1α had no direct effect on IRF3 phosphorylation and its nuclear
translocation, and instead, it degraded CBP to disrupt its association
with IRF3 in the nucleus (Kim et al., 2010). As a result, the IRF3-
dependent IFN production is inhibited.
The subcellular distribution of PRRSV Nsp1 is of particular interest.
As with the nucleocapsid (N) protein (Rowland et al., 1999, 2003;
Rowland and Yoo, 2003), Nsp1 also accumulates in the nucleus of
PRRSV-infected cells in addition to its cytoplasmic distribution. As
with many other RNA viruses, PRRSV replication takes place
exclusively in the cytoplasm without the need for nuclear function,
and thus, nuclear localization of N and Nsp1 suggests that they may
serve an important accessory function in favor of virus infection.
Indeed, a study using the nuclear localization signal (NLS)-null
mutant PRRSV showed that N protein nuclear localization was
associatedwith virulence and attenuation of the virus and contributed
to the pathogenesis of PRRSV in pigs (Lee et al., 2006; Pei et al., 2008).
Thus, it is conceivable that Nsp1α may also play an important role in
PRRSV pathogenesis. In the current study, we present evidence that
one role of Nsp1α was to inhibit IFN response of the host by
Fig. 7. Contribution of NF-κB down-regulation to IFN-β suppression by Nsp1α. HeLa cells seeded on 12-well plates were cotransfected with 500 ng of either pXJ41, pFLAG-Nsp1,
pFLAG-Nsp1α, or pFLAG-Nsp1α-Δ14 plasmids together with 500 ng of pLuc-(PRDII)2 reporter gene. (A) TNF-α or poly (I:C) induction. At 24 h after transfection, cells were left either
untreated or treated with TNF-α (20 ng/ml) for 6 h (panel a). Alternatively, cells were untreated or treated with poly (I:C) for 12 h. (panel b). The cells were lysed and subjected to
luciferase assay. Data are represented as fold induction compared with untreated samples. The results represent the means of three independent experiments in duplicate each.
(B) RIG-I or IPS-I induction and suppression NF-κB-dependent IFN-β transcriptional activation by PRRSV Nsp1α protein. HeLa cells on 12-well plates were transfected with 300 ng of
pLuc-(PRDII)2, 300 ng of pFLAG-Nsp1, pFLAG-Nsp1α or pFLAG-Nsp1α-Δ14 expression plasmids, and 400 ng of either pcDNA3-RIG-I (panel b) or pcDNA3-IPS-1 (panel a). Two
samples were set up in parallel for each transfection. One was transfected with pcDNA3-RIG-I or pcDNA3-IPS-1 and one with pcDNA3 vector as an unstimulated control. At 40 h after
transfection, cells were harvested and luciferase activity was measured. Data represent the means of three independent transfections, each transfection in duplicate.
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uncleaved form of Nsp1, Kim et al. (2010) demonstrated the
degradation of CBP and thus interference of its association with
IRF3. This event occurs in the nucleus, and thus, it is likely caused by
the nuclear form of Nsp1α, while decreased phosphorylation of IκB
occurs in the cytoplasm, which may likely be controlled by the
cytoplasmic form of Nsp1α.
Nsp1α is dispensable for viral genome replication (Kroese et al.,
2008) and appears to inhibit IFN production in virus-infected cells.
Furthermore, we have shown that Nsp1α interferes with the trans-
activation of NF-κB by preventing IκB phosphorylation. Interestingly,
the C-terminal 14 amino acids of Nsp1α appear to be crucial for these
activities since Nsp1α-Δ14 was ineffective for IFNβ down-regulation
(Fig. 3), NF-κB activity down-regulation (Fig. 4), nuclear localization
of NF-κB (Fig. 2), and inhibition of IκB phosphorylation (Fig. 6). The C-
terminal 14 amino acids include a Met residue at position 180, this
residue participating in forming a second zinc ﬁnger via Cys70-Cys76-
His146-Met180. Notably, Cys76 and His146 are the predicted catalytic
dyad of the papain-like proteinase α (PCPα) domain (Fig. 1). The
incorporation of zinc ion in the active site of the PCP domain is
unusual. This second zinc ﬁnger (ZF2) structure in Nsp1α may
provide a conformational basis required for PCPα activity. Alterna-
tively, PCP activity may be required in cooperation with the
involvement of a zinc ﬁnger motif. Many transcription factors containa zinc ﬁnger motif to maintain their transcription function, and
similarly, the ﬁrst zinc ﬁnger motif (ZF1) in Nsp1α is also required for
EAV and PRRSV transcription (Tijms et al., 2001, Kroese et al., 2008).
For EAV, Nsp1 interacts with p100, a transcription coactivator
modulating subgenomic RNA synthesis (Tijms and Snijder, 2003).
ZF2 may be critical for IFN and NF-κB modulation since the Nsp1α-
Δ14 construct loses its downregulating activity of these cytokines. In
comparison with Nsp1α, Nsp1α-Δ14 lacks the Met180 which holds a
zinc ion in ZF2 of Nsp1α and thus loses the zinc ﬁnger conﬁguration.
Maintaining the intact structure of ZF2 appears to be crucial for
Nsp1α function. Without the 14 amino acids, subcellular localization
of Nsp1α also changes in its subcellular distribution (Fig. 2). Beura
et al. (2010) reported that PRRSV Nsp1β contained an ability to
downregulate IFN production. The Nsp1β construct in that study
included the entire Nsp1β subunit of 202 amino acids plus an
additional 27 residues from the C-terminus of Nsp1α. Using these
constructs, Beura et al. (2010) showed that the C-terminal 14 amino
acids in Nsp1α were associated with the inhibitory activity for IFN
induction. Although the Nsp1β construct in their study contained
Met180, ZF2 would not be formed because of the lack of Cys70,
Cys176, and His146. Nevertheless, their Nsp1β still suppressed IFN,
and the exact reason for that controversial report is unknown.
The IFN system forces viruses to evolve to counteract the host's
immune system at almost any step of the signaling pathways directed
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2001; Levy and García-Sastre, 2001; Haller et al., 2006; Brzózka et al.,
2007; Haller and Weber, 2007; Loo and Gale, 2007). The NF-κB-
mediated IFN suppression is a common strategy for viruses to
antagonize host antiviral responses and promote viral replication.
The strategies that viruses utilize to evade host immune responses
have been described elsewhere (Randall and Goodbourn, 2008;
Hiscott et al., 2001). In summary, PRRSV Nsp1α seems to play
multiple roles during infection. Nsp1α is possibly a transcription
factor required for viral gene transcription and also disrupts the
production of IFN-β and the NF-κB activity. Nsp1α plays a critical role
in suppressing the IFN response during infection and inhibits IFN-β
production at multiple levels. It suppresses the production pathway
by targeting both IRF3- and NF-κB-mediated production pathways
and interferes with IFN secretion and JAK-STAT pathways (Chen et al.,
2010). By doing so, PRRSV may sufﬁciently counteract the host
antiviral response, which by doing so may determine the outcome of
an infection such as establishing a persistent PRRSV infection and thus
impacting pathogenesis.
Materials and methods
Cells, viruses, and antibodies
HeLa and MARC-145 cells were cultivated in minimum essential
medium (MEM) and Dulbecco's modiﬁed Eagle's medium (DMEM)
(Mediatech Inc, Manassas, VA), respectively, containing 10% heat-
inactivated fetal bovineserum(FBS) (Hyclone, Logan,UT) supplemented
with penicillin (100 U/ml) and streptomycin (100 μg/ml). The North
American strain VR-2332 of PRRSV (Benﬁeld et al., 1992; Collins et al.,
1992)was used in this study. The recombinant vesicular stomatitis virus
expressing green ﬂuorescent protein (VSV-GFP) was kindly provided by
Dr. A. Garcia-Sastre (Mount Sinai Hospital, New York, NY). The rabbit
polyclonal antibody (PAb) speciﬁc for PRRSV Nsp1 and mouse
monoclonal antibody (MAb) for PRRSV Nsp1β were generously
provided by Dr. Y. Fang (South Dakota State University, Brookings, SD).
The anti-FLAG (M2) monoclonal antibody (MAb) and phospho-IκB-α
(#9246) MAb were purchased from Sigma (St. Louis, MO) and Cell
Signaling (Danvers, MA), respectively. The MAb for β-actin (sc-47778)
and PAb for NF-κB p65 (sc-7151) were purchased from Santa Cruz
Biotechnologies Inc. (Santa Cruz, CA).
Plasmids and cloning
Theﬁreﬂy luciferase genewasused as a reporter in this studywith its
expression under the control of various promoters indicated below. The
plasmid pNF-κB-Luc (Stratagene, La Jolla, CA) contains the NF-κB
enhancer in front of the luciferase reporter gene. The plasmid pIFN-β-
Luc contains the intact IFN-β enhancer–promoter linked to the luciferase
reporter gene. The plasmid p4×IRF3-Luc contains four copies of IRF3
binding region PRD I-III of the IFN-β promoter, and the plasmid pTATA-
Luc contains only the TATAbox, the basal element of the IFN-β promoter
in front of the luciferase gene. pIFN-β-Luc, p4×IRF3-Luc, and pTATA-Luc
were obtained from Dr. Stephan Ludwig (Heinrich-Heine-Universität,
Düsseldorf, Germany; Ehrhardt et al., 2004). The plasmid pLuc-(PRDII)2
contains2 copies of theNF-κBbinding regionPRD II of the IFNβpromoter
in front of the luciferase gene and was kindly provided by Dr. Stanley
Perlman (University of Iowa, IA; Zhou and Perlman, 2007; Fitzgerald
et al., 2003). The Renilla luciferase plasmid pRL-TK (Promega) contains
the herpes simplex virus thymidine kinase (HSV-tk) promoter and was
included in all experiments to serve as an internal control. The pcDNA3-
RIG-I and pcDNA3-IPS-1 plasmids constitutively express activated RIG-I
and IPS-1, respectively, and were obtained from Dr. Joanna Shisler
(University of Illinois at Urbana-Champaign). The RIG-I and IPS-1 genes
in these plasmids are deletion mutants containing only the functionallyactivated CARD region and the N-terminal CARD-like structure that
mediates interaction with CARD of RIG-I, respectively.
The full-length Nsp1 gene of PRRSV VR-2332 was PCR-ampliﬁed
from pCMV-Tag1-Nsp1 as the template, using the upstream primer
(5′-CAGAATTCCCATGTCTGGGATACTTGATCGGTGC-3′) containing the
Eco RI recognition sequence (underlined) and the downstream primer
(5′-CACTCGAGGTACCACTTGTGACTGCCAAAC-3′) containing the Xho I
sequence (underlined). The PCR product was digested with Eco RI and
Xho I and subcloned in the Eco RI–Xho I sites of mammalian expression
vector pXJ41, resulting in pFLAG-Nsp1. This construct contains a FLAG
tag at the N-terminus of Nsp1. The Nsp1α gene was ampliﬁed by PCR
using the upstream primer (5′-CCGGAATTCACCATGGATTACAAGGAT-
GACGACGATAAGATGTCTGGGATACTTGATCGG-3′) containing the Eco
RI recognition sequence (underlined) and the FLAG tag (italicized and
underlined) and the downstream primer (5′-CCGAAGCTTTCACATAG-
CACACTCAAAGGGGCAA-3′) containing the Hind III sequence (under-
lined). The PCR products were digested with Eco RI and Hind III
and subcloned in the pXJ41 plasmid to generate pFLAG-Nsp1α.
Nsp1α-Δ14 was ampliﬁed by PCR using the upstream primer (5′-
GAAGATCTCCATGGATTACAAGGATGACGACGATAAGATGTCTGGGA-
TACTTGATCGGTGC-3′) containing the Bgl II recognition sequence
(underlined) and the FLAG tag (italicized and underlined) and the
downstream primer (5′-GACTCGAG CTGCGGGAGCGGCAGGTTGGT-
3′) containing the Xho I sequence (underlined). The PCR product was
digested with Bgl II and Xho I and cloned into pXJ41 to generate
pFLAG-Nsp1α-Δ14. These constructs were used for Nsp1, Nsp1α, or
Nsp1α-Δ14 expression throughout this study.
DNA transfection and luciferase reporter assay
DNA transfection was conducted in HeLa or MARC-145 cells using
Lipofectamine 2000 according to the manufacturer's instructions
(Invitrogen). For double-stranded RNA stimulation, poly(I:C) (Sigma)
was complexed with Lipofectamine 2000 and applied to cells for the
indicated time periods. HeLa or MARC-145 cells were seeded in
12-well plates one day prior to transfection. The Nsp1, Nsp1α, or
Nsp1α-Δ14 expression plasmid, the luciferase reporter plasmid, and
the Renilla internal control pRL-TK were cotransfected into cells at
ratios of 10:10:1. Renilla pRL-TK was included in all experiments to
serve as an internal control. The total amount of DNA was normalized
using pXJ41 or pcDNA3. Cells were lysed with 200 μl of Passive Lysis
buffer (Promega), and supernatant was used to measure ﬁreﬂy and
Renilla luciferase activities using the Dual Luciferase Assay System
(Promega) in a luminometer (Wallac 1420 VICTORmultilabel counter,
PerkinElmer, Waltham, MA). Values were normalized to Renilla
luciferase activity, and the results expressed as relative luciferase
activities as indicated (Promega).
VSV-GFP bioassay
HeLa cells were seeded in 35-mm-diameter plates at 90%
conﬂuency and transfected with 2 μg of pFLAG-Nsp1, pFLAG-Nsp1α,
or pFLAG-Nsp1α-Δ14 expression plasmid. At 24 h after transfection,
cells were transfected again with 1 μg of poly(I:C) and further
incubated for 12 h. Supernatant was harvested and serially diluted
by 2-fold. MARC-145 cells were seeded in 96-well plates and
incubated for 24 h with 100 μl of each dilution of the supernatant.
The cells were then infected with 100 μl of VSV-GFP at 104 PFU/ml for
16 h and GFP expression was assessed by ﬂuorescence microscopy
(Nikon Eclipse TS100).
Western blot analysis
At indicated times after transfection, cells were lysed with lysis
buffer (20 mMTris [pH 7.5], 150 mMNaCl, 1 mMEDTA, 1 mMEGTA, 1%
Triton X-100, 1% NP-40) containing 1 mM phenylmethanesulphonyl
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the gel was blotted to Immobilon-P membrane (Millipore). After
blockingwith5%skimmilkpowderdissolved inTBS–T (10 mMTris–HCl
[pH 8.0], 150 mM NaCl, 1% Tween 20), the membrane was incubated
with the primary antibody dissolved in TBS–T containing 5% skim
milk for 1 h at room temperature (RT) followed by incubation with
horseradish peroxidase-conjugated secondary antibody for 1 h at RT.
After three washes with TBS-T, images were visualized using the
enhanced chemiluminescence system (Pierce, Rockford, IL).
Immunoﬂuorescence analysis (IFA)
Cells seeded on coverslips were ﬁxed with 4% paraformaldehyde
for 10 min at RT in phosphate-buffered saline (PBS). After washing
with PBS, cells were permeabilized using 0.1% NP-40 for 10 min at RT.
After blocking with 1% BSA in PBS at RT for 30 min, cells were
incubated with anti-FLAG, anti-Nsp1 or anti-p65 antibodies in PBS
containing 1% BSA for 2 h. Cells were then washed 3 times with PBS
and incubated with Alexa Fluor 488-labeled anti-mouse or anti-rabbit
antibody (Molecular Probes), or Alexa Fluor 594-labeled anti-rabbit
antibody (Molecular Probes) for 1 h at RT in the dark. After three
washes with PBS, cells were incubated with 4′,6′-diamidino-2-
phenylindole (DAPI) for 5 min at RT. After washing with PBS,
coverslips were mounted onto slides using Fluoromount-G mounting
medium (Southern Biotech, Birmingham, AL), and ﬂuorescence was
examined under a ﬂuorescence microscope (Nikon Eclipse TS100).
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